A 1 eV neutral atomic fluorine beam has been shown to produce etch rates in silicon as high as 1 µm/min. Using a CaF 2 resist layer we fabricated 120 µm-deep by 1 µm-wide trenches (aspect ratio 120:1) in silicon with little sidewall taper (slopes of about 1000:1) or aspect-ratio dependent etching effects. Achieving such anisotropic etching suggests that the scattered species do not contribute significantly to sidewall etching under the conditions of this experiment. We estimate that the ultimate depth attainable for a 1 µm-wide trench is about 250 µm and that the critical parameter for attaining a trench of a certain depth is the aspect ratio. Our observations and analysis suggest that this etching technique can be used to fabricate trenches on a nanoscale level while maintaining high aspect ratios of 100 or greater.
I. INTRODUCTION
The ability to etch highly anisotropic features in silicon has been, and will continue to be, a crucial requirement for the size reduction of devices in integrated circuits. Currently, dry etching techniques such as plasma etching and reactive ion etching are used to transfer patterns into device substrates. These techniques have had remarkable success in fabricating highly anisotropic features, but they suffer from several disadvantages affecting their ability to etch such structures on a still smaller scale. These disadvantages include: substrate damage due to charging and ion bombardment, feature-size dependence on the etch rate, and undercutting due to sidewall charging and scattering of reactive species. 1, 2 Recently, atomic beam techniques have been developed 3-7 that have the ability to etch anisotropic features into substrates. 5 With their relatively simple chemistry and use of low energy neutral atoms, these techniques do not suffer from several of the disadvantages listed above.
In this report, we describe an application of an intense atomic fluorine beam to rapidly etch silicon and related materials. In addition, we conduct experiments that utilize the inherently collimated nature of atomic beams to fabricate extremely anisotropic etching features. Figure 1 shows the atomic fluorine beam etching apparatus, which has been described elsewhere in detail. 3 The apparatus consists of an atomic fluorine source connected via differential pumping to a target chamber. Diffusion pumps using fully fluorinated Fomblin oils evacuate both vacuum chambers. The target chamber pump is lN 2 baffled, and the pressure in this chamber is about 2x10 -5 Torr (5x10 -6 Torr) while the beam is on (off). To generate a well-collimated, intense beam, we thermally dissociate a high-pressure (2000-3000 Torr) gas mixture of 5% F 2 in He flowing through a ~150 µm-diameter nozzle at the tip of a MgF 2 tube. Heating the nozzle tõ 900 o C results in a measured dissociation yield of about 70%. 3 The kinetic energy of the atomic F beam is measured to be 1.0±0.1 eV. Downstream, the jet is collimated by a 750 µm-diameter skimmer before reaching the sample target. Beam intensities are difficult to measure directly; . Samples are cleaned using a standard degreasing treatment (acetone, methanol, and DI water); in the case of Si samples this is followed by a dilute HF etch to remove any surface oxides. The samples are then mounted onto a resistively heated copper target assembly and loaded into the etching chamber.
II. EXPERIMENTAL DETAILS
It is useful to comment on the effects that our very-high, rather than ultra-high, vacuum conditions may have on our etching process. In general, vacuum conditions affect an etching process either: 1) through the continual contamination of the etching surface, while etching is taking place; or 2) through the initial build-up of a contamination layer before the etching process has been started. The effect our non-UHV conditions have through mechanism 1) may be estimated by comparing the atomic fluorine beam flux on the sample to the flux of other vacuum constituents. Residual gas analysis of the 5x10 -6 Torr background vacuum indicates it is nearly entirely composed of water and air. Using the usual monolayer formation rate of one per second at 1x10 -6 Torr, we find that the flux associated with water and air is 1x10 in direct etching will be small and the effect of Fomblin vapor will be negligible. On the other hand, through mechanism 2), a thin layer of Fomblin oil initially present on the sample at room temperature may protect the substrate and partially inhibit etching until the oil is removed by heating the sample to some threshold temperature, that depends on the vacuum conditions. Such behavior is supported by the fact that the vapor pressure of Fomblin oil at 100 o C is about four orders of magnitude larger than at room temperature, so that at elevated sample temperatures one expects the layer of Fomblin oil to reduce in thickness or disappear entirely. In fact, we have directly observed evidence of the presence of a contamination layer in two ways. Firstly, as we have improved our vacuum conditions (e.g., by using a cold-trap on the diffusion pump and using sorption pumps to rough the etching chamber, rather than a mechanical pump) we have observed a (This result is discussed in more detail in the Results Section.) In summary, the only effect of our very-high vacuum conditions that we observe is a thin contamination layer that initially inhibits etching. To eliminate the effect of this layer, unless otherwise stated, all of the results reported here are for substrate temperatures at or above 120 o C, where the observed effect is negligible; and for our best possible very-high vacuum conditions. . CaF 2 under direct electron-beam exposure dissociates leaving Ca, which oxidizes in air.
III. RESULTS
The resist layer is then developed in water (CaO is 100 times more soluble in water than CaF 2 ) leaving 1 µm-wide openings to the underlying silicon. Figure 3 (a) shows a cross-sectional SEM view of a 1 µm-wide, 120 µm-deep trench in Si(100) fabricated by etching for 100 minutes with T SUB =500 o C. This trench is extremely anisotropic, with an aspect ratio of about 120:1 and a sidewall slope of about 1000:1 over nearly the entire depth. These aspect ratios and sidewall slopes were directly measured from SEM micrographs of samples cleaved along a plane intersecting the etched trench at a right angle and are comparable or higher than those currently achievable by reactive ion etching. 15, 16 Another notable feature is that the 1.2 µm/min etch rate observed for the trench is within 20% of the open-area etch rate of 1.0 µm /min at 500 o C ( Fig. 2(b) ). Since this is comparable to the run-to-run error of our experiments (see above), we conclude that our atomic beam does not exhibit appreciable aspect-ratio dependent etching (ARDE), 1 even for this high aspect-ratio geometry.
IV. DISCUSSION
In this section, we first discuss our open-area etch results, and second discuss our extremely anisotropic trenches obtained through etching through slot masks. In both cases we compare the result of this work to results obtained using other related techniques.
In this work, we find that the Si etch rate dependence on sample temperature and the etch selectivity to SiO 2 and Si 3 N 4 are in qualitative agreement with those observed elsewhere.
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Returning to the Arrhenius plot of Fig. 2 As noted in the Results Section associated with our highly anisotropic trench we observe two important features: 1) a lack of aspect ratio dependent etching (ARDE) and 2) a lack of sidewall etching. To understand this behavior we discuss and model the anisotropic etching process in terms of a highly collimated beam incident through a slot into the trench and the transport of the reacted and unreacted gas products out of the trench. Below we discuss and model this process to explain, first the lack of ARDE, and second the lack of sidewall etching.
The lack of observation of ARDE, even for the high aspect-ratio trench, may at first be surprising because ARDE is often observed for the usual medium-vacuum plasma techniques.
However, in our beam technique, the incoming atoms in the beam will have little or no interaction with the trench walls. This is a consequence of the mask geometry and the fact that the beam is very well collimated. (This is in contrast to other gas-phase techniques where the interactions of the incident (uncollimated) reactive species with the trench walls are very important.) In the atomic beam case, it is the gas-gas phase interaction of the incident reactive F atoms with the effusive gas load from the trench bottom, which ultimately limits the depth of the trench for a given width. As shown below, this lack of observation of ARDE in our experiments is showing that the mean-freepath length of the atomic F in the incident atomic beam in the trench (including the build up of pressure at the bottom of the trench) is larger than the depth of the trench itself. Adapting the procedure of Coburn and Winters, 18 the pressure at the trench bottom is determined in accordance with Knudsen transport by treating the trench bottom as a gas source and the trench itself as a conductance to the vacuum chamber at base vacuum. Note that implicit in considering Knudsen transport for the gas scattered from the trench bottom is the assumption that this gas will be randomly distributed in both energy and direction -in sharp contrast to the incident beam. This assumption is reasonable given that Hwang et al. 19 observed a largely cosine distributed scattered flux in their atomic F scattering experiments associated with both trapping desorption and indirect inelastic scattered fluorine. 20 In our case, because the trench bottom is not smooth, as discussed in the Results Section, even the direct scattering will tend to be random implying a cosine angular distribution. Using Q as the mass flow, or throughput, from the trench bottom that arises from the scattered incident beam, taking into account that by far the greatest contribution to this gas throughput is from the 95% He in the beam (the etch products themselves having negligible effect), we find that where Φ He is the incident beam flux, a and b are the length and width of the trench, respectively, C is the trench conductance, ∆p is the pressure difference between the trench bottom and outside the trench, and kT is included to convert from atoms/s to Torr-liter/s. The conductance for a slot with rectangular cross-section in the Knudsen flow regime is
where L is the trench depth, T and m are the temperature and mass for the gas species, and K is an experimental geometry-dependent correction factor. Using (1) and (2) that the mean free path of the incident atomic fluorine in the beam is about 500 µm. (Note that in this calculation we used the gas temperature as that of the He in the source and neglected all but FHe scattering, however, taking T equal to the sample temperature, and including the other gas species has little effect on this outcome.) This mean-free-path length exceeds our trench depth by a factor of four, which explains the absence of gas-gas interactions leading to ARDE. Alternatively, by considering the probability of an incident F atom to undergo a collision as given by the meanfree-path length above, one finds that the probability of an incident F atom reaching 120 µm-depth without collision is about 90%. The ultimate depth attainable for a given trench width can be estimated by determining the depth at which this collision probability is about 50%. Regarding the observed lack of sidewall etching, for a collimated neutral beam, undercutting results from reactive species scattering within the trench and then striking and etching the sidewalls. As discussed above, for our pressure regime and geometry, gas phase interactions within the trench are not important. Only reactive species scattered from the trench bottom will contribute to sidewall etching. Given the relatively low efficiency of etching (7% at 500 o C), it is expected that there is substantial backscattered atomic fluorine. Again, as discussed above, as observed by Hwang et al. 19 and because the trench bottom is not smooth, it is a reasonable assumption that the reactive backscattered flux comes off with a cosine distribution. Therefore one can model the effect of this backscattered atomic fluorine by: treating each element of area on the trench bottom as a cosine distributed source of fluorine, Φ F dxdy; integrating over the trench width,
x from 0 to b, and length, y from -∞ to ∞ (we are interested in a very long trench) to determine the flux density of atomic fluorine at a point z on the sidewall as where z=0 is the bottom of the trench; and finally (assuming a uniform etch rate, µ, so that the depth of the trench, z, is given by z=µt, where t is the etch time) by integrating over the time corresponding to the time to etch from position z on the side wall to the final bottom of the trench, we find that the number density of fluorine atoms that hit the sidewall at a position z on the trench wall is
The solid curve in Fig. 3(b) shows the trench profile calculated using this model with the assumption that the reactivity of backscattered fluorine is undiminished from that of fluorine incident upon the bottom of the trench. This profile shows a trench twice as wide as the mask opening with substantial curvature at the trench bottom. The dotted profile, calculated by assuming reduced reactivity of the scattered species by a factor of five, still shows widening, again with curvature at the bottom. The form of sidewall curvature given by this model is absent in our trenches. We do see etching of the sidewall at the top of the trench within about 3 µm of the mask, but this is clearly not of the form expected from scattered reactive species. In fact, the top feature appears to be the result of fluorine atoms that pass through pinholes in the CaF 2 mask near the trench opening and etch the Si. These pinholes are shown in the SEM micrograph Fig. 3(c) .
This lack of sidewall etching observed in our trench is both qualitatively and quantitatively different from that observed by Giapis et al., who use atomic F with much higher incident kinetic energies. 5, 19 For F atoms incident at 5 eV, they see sidewall etching of about 14%, while this is reduced to about 3% for F atoms at 18 eV. Interestingly, we see much less sidewall etching even though our etch rate indicates a lower fluorine reaction efficiency. This implies that the large number of F atoms scattering from the bottom do not significantly etch the sidewalls in our case.
Thus the observed lack of sidewall etching must result from reduced etching efficiency for F atoms scattered from the trench bottom, or to build-up of a passivation layer due to residual vacuum constituents, or to both. We believe that the former is much more likely, as we now discuss.
In order for atomic F to contribute to sidewall etching, the fluorine atoms incoming from the highly collimated beam must first strike the trench bottom, since the role of gas-gas collisions in the trench is negligible. Even partial energy accommodation with the surface will then deprive most of these F atoms of a considerable fraction of their incident 1 eV kinetic energy, so that The former can be accomplished by enlarging the skimmer, or by moving the sample further from the nozzle (Fig. 1) , or both. Increasing the nozzle-sample distance increases the beam flux, which can be compensated by increasing the gas flow. It is the goal of future work to extend the use of this atomic-fluorine etching beam to an ultra-high vacuum sample environment. This will allow us to investigate the origin of our lack of sidewall etching and to explore the feasibility of this technique to fabricate high aspect-ratio nanostructures.
V. SUMMARY and CONCLUSION
A neutral atomic fluorine beam was shown to produce etch rates in silicon as high as 1 µm/min. Using a CaF 2 resist layer we fabricated 120 µm-deep by 1 µm-wide trenches (aspect ratio 120:1) in silicon with no appreciable sidewall taper (slopes of about 1000:1) or ARDE effects.
Achieving such anisotropic etching suggests that scattered species do not contribute significantly to sidewall etching, i.e. the vast majority of etching is caused by the highly directional incident atomic-fluorine beam. Although sidewall passivation caused by background vacuum constituents could be inhibiting sidewall etching, we show that this is unlikely due to the much larger flux directed at the substrate by the collimated atomic fluorine beam. We calculate that the ultimate depth attainable for a 1 µm-wide trench is about 250 µm, and we show that the critical parameter for the ultimate depth of a trench is its aspect ratio. This suggests that our etching technique can be used to fabricate trenches on a nanoscale, while maintaining aspect ratios of 100 or greater. 
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